Introduction
DNA molecule, which is one of the most fundamental biological polymers in nature, has attracted much attention from several scientific areas during the past several decades [1] [2] [3] . However, motivated by technological concerns, there has been an upwelling of recent interest in its properties [4] [5] [6] . Its specific properties and ideal structure have made it a potential candidate for use in molecular electronics such as wires, transistors, diodes, etc. [7] . In particular, they have resulted in the ambitious goal of self assembling nanodevices.
Besides, there has been a significant effort to develop new materials with valuable specific properties bottom up, beginning with atoms, passing through molecules all the way to macromolecules and nanoparticles. Numerous theoretical and experimental studies, as diverse as single atomic chain [8] manipulation, precise polymer self-assembly [9, 10] and nanoparticle engineering [11] have contemplated practical applications in many fields, such as cell biology, tissue engineering, medical science, optics and electronics.
In the last decade, scaling analysis (fractal) techniques have been developed for detecting scale invariant statistical patterns and study physical properties in complex fluids and other random systems. These methods have been successfully applied in a number of disciplines and to a number of problems including stochastic growth processes in physics and chemistry, polymer physics, as well as other problems [12] . Since DNA sequences are long polymer chains, some general scale invariant properties found in polymer physics may appear in DNA, and alterations of those general properties may serve for characterization of DNA sequences [13] .
In the context of assembly of new macromolecules, as recently proposed [14] , we study in this paper the quasiperiodic Fibonacci polyGC and polyTA sequences. Our motivation is the well known relation between quasiperiodic structures and fractal behavior (e.g., in superlattices and solid state physics [15] ), besides the fact that the fractal behavior assists for the explanation of several structural and dynamics aspects of biological molecules. Fractal behavior is characterized by selfsimilarity and scale invariance symmetry. Power laws such as f (x) ∼ x β invariably arise in such contexts, because they have scale unvariance. Specially, a change of scale by a factor of λ leads to f (λx) = f (x)λ β , a self-affine relation. Well known examples of power law scaling in biological contexts include Kleiber's law [16] and the branching structure of lungs and other tissues [17] . A well known physical example is the Gutenberg-Richter law for earthquakes.
Theory
Before describing our model, let us briefly review the type of sequence considered in this work. A quasiperiodic deterministic structure can be grown experimentally by juxtaposing two building blocks (or layers) A and B, in such a way that the nth stage of the structure S n is given interactively by growth rules. For the Fibonacci sequence, we have S n = S n−1 S n−2 , for n ≥ 2, with S 0 = B and S 1 = A. It is also invariant under the transformations A → AB and B → A.
The number of building blocks for the Fibonacci sequence increases with the so-called Fibonacci number F n , defined by F n = F n−1 + F n−2 , with the initial conditions F 0 = F 1 = 1. The ratio F n /F n−1 for increasing n, converges towards the golden mean τ = (1/2)(1 + √ 5), a particular irrational number related to fivefold symmetries (it is twice the ratio of distances center vertex and center midge in a pentagon), whose successive powers also follow a Fibonacci series. The number of elementary blocks A and B in S n are F n−1 and F n−2 , respectively. For a wide revision of Fibonacci sequence see Ref. [15] .
To better clarify the kind of molecule we addressed here, just for comparison, the DNA molecule has a structure composed of nucleotides: sugar-phosphate backbone plus some base (cytosine(C), guanine(G), adenine(A), thymine(T)). In Fig. 1 , we show a short fragment of DNA molecule structure [18] . For the polynucleotides studied here, we use just one strand (as separated from two strands) for each exclusive type of polynucleotides G − C or T − A. In Fig. 2 , we show the fifth generation for each type of strand.
A 3D illustration for the polyGC and polyTA base structures can be seen in Fig. 3 (a) and (b) respectively. We added carefully counter-ions to balance the charge of the system, in both cases, Na + sodium ion (see Fig. 3 ). The quantity F n represents the chain length which ranges from 3 to 610 nucleotides. Reminding that each nucleotide is formed for about 35 atoms, and that the process used for the growth of the structures studied in this work generates molecular systems ranging approximately from 100 to 21,000 atoms (≃1 nm to ≃200 nm of length).
Methodology
In order to address geometrical properties of these new macromolecules, we used a fully atomistic molecular mechanics method with a well-known universal force field (UFF), as implemented in forcite module [19] . UFF is a force field that includes bond stretch, bond angle bending, inversion, torsion, rotations, electrostatics and van der Waals terms. The main advantage of classical molecular mechanics simulations, in comparison with their quantum counterparts, is the possibility to study large systems with hundreds or thousands of atoms while still producing accurate results for geometrical properties. The convergence criteria adopted to achieve the geometry optimization for all chains were energy variation smaller than 0.001 kcal/mol, maximum force per atom of 0.5 kcal/mol/Å and maximum stress of 0.5 GPa.
On the other hand, the molecular architecture can play a major role in determining the potential application and efficiency of functional macromolecules [20, 21] . In relation to which, the concepts of solvent-accessible surface area A S , and solventaccessible volume V S , have been extensively used to characterize and compare the geometrical aspects of the interaction between a molecule and different types of solvents [22] . We observe that A S and V S depend on the chain length F n , through a power law with the exponents i A and i V , and that both exponents depend on the size of the solvent probe radius r 0 . Then, the correct interpretation of the scaling results obtained by the fractal analysis is crucial for understanding the intrinsic geometry of the systems under study. Leaving of this point of view, the A S -F n and V S -F n relations are two of the most important measures, because if self-similarity appears, we have scale invariance of the form
where, in both cases, i = α, β, and the subscripts A and V mean area and volume, respectively. The exponents i A and i V , or equivalently, α A , α V , β A and β V , are the self-similarity parameter mentioned above and therefore are directly related to longrange correlations in the sequences. Besides, long-range correlations are a kind of signature of the quasiperiodic sequences. In recent study, Moret et al. [23] found self-similarity properties in almost 1900 nonhomolog proteins with respect to solvent-accessible surface area. It was stated that fractal behavior have been used as explanation of several structural and dynamical aspects of biological molecules. Thus, solvent-accessible surface area and volume properties may even play an important role in protein folding and packing. The solvent-accessible area of a macromolecule is obtained rolling a probe sphere (with size close to water molecule) over a molecule [24] . The surface of a macromolecule can be defined to be the part of the molecule that is accessible to solvent. The probe sphere is represented by a sphere of radius 1.4 Å, i.e., close to the solvent molecule (water) radius.
Results and discussion
In this section we present important numerical results for the two cases considered in this paper: the quasiperiodic Fibonacci polyGC and polyTA DNA sequences. A physical motivation for this is that these structures can exhibit properties not found in the periodic cases. We are interested in investigating the geometric characteristics and fractal properties of two nucleotide chains, studying the influence of the periodicity and long-range correlations in such structures. In Fig. 4(a) we show the self-similarity of the log-log plot of the solvent-accessible surface area A S versus Fibonacci number F n , initially for the polyGC structure.
The figure shows clearly that the solvent-accessible surface area A S follows a power law, as described in Eq. (1), when the Fibonacci number F n increases (scale invariance). The fit gives a straight line with slope α A = 0.93 and with standard error (SE), in the estimated value of 0.009, fact this that can be corroborated by result found for the coefficient of determination, R 2 = 0.998. We emphasize that the coefficient of determination is very close to 1, mainly if we take in consideration that were analyzed from 3 to 610 polyGC chains. The power-law behavior reflects the scale-invariant property of polyGC DNA chain, which certainly is related to hierarchical order of the structure. A similar behavior is observed in Fig. 4(b) , where a log-log plot of the solvent-accessible volume V S as a function of the Fibonacci number F n , also for the polyGC DNA structure, is depicted. It is easy to see that V S also follows a power law as described in Eq. (2) with the exponent α V = 0.97. The values found for the coefficient of determination and for standard error of α V were, respectively, R 2 = 0.999 and SE = 0.004. For each exponent α S and α V , we show in Fig. 4(c) and (d) , the coefficients variation from the ratio A S /F α S n , and for V S /F α V n , respectively. A very short variation in these coefficients (around very few hundredths) assures that the fitting is excellent.
Naturally the same analysis was accomplished for the polyTA DNA structure as can be seen in Fig. 5 (a) and (b). Fig. 5 (a) depicts the self-similarity of the solvent-accessible surface area A S against the Fibonacci number F n . The figure shows clearly that A S also follows a power law as described in Eq. (1), with the exponent β A = 0.93, SE = 0.011 and R 2 = 0.998. In the same way that in the previous case a similar behavior is observed in Fig. 5(b) , where the double logarithmic plot of the solvent-accessible volume V S as a function of the Fibonacci number F n is depicted. Moreover, as can be seen V S follows a power law as described in Eq. (2) with the exponent β V = 0.97. The values found for the coefficient of determination and for standard error of α V were, respectively, R 2 = 0.999 and SE = 0.004, the same results obtained in Fig. 5(b) . For each exponent β S and β V , we show in Fig. 5(c) and (d) , the coefficients variation from the ratio A S /F β S n , and for V S /F β V n , respectively. A very short variation in these coefficients (around few hundredths) assures that the fitting is excellent.
In all figures the generation number n ranges from 3 to 14, what is equivalent to say that the Fibonacci number F n ranges from 3 to 610. It is worth to remind that F n corresponding to the nucleotide number, or in equivalent way, to the chain length. 
Table 1
Summary of the results found for the exponents α A , α V , β A and β V , standard errors relative to the respective exponents and coefficient of determination, respectively. of the quasiperiodic Fibonacci polyGC DNA and polyGC DNA sequences, respectively. The quasiperiodic Fibonacci sequence is used as prototype of strongly correlated system (long-range correlations). Therefore, the long-range correlations induced by the construction of these systems are expected to be reflected someway in their spectra, defining a novel description of disorder. We summarized all results in Table 1 . Of the same form, in Fig. 6(b) we see the exponent β A and β V versus r 0 , but now for the polyTA DNA structure, producing a similar effect in the greatness V S . Note, in Fig. 4(a) and (b) , that the two exponents present a less pronounced slope starting from r 0 = 1.4 Å, principally α A and β A . To show the confidence of our exponents results obtained from molecular mechanics simulation, we propose a short demonstration as follows: Being A and, B construction blocks of Fibonacci sequence, as that In these sequences, we can observe that for each generation, the number of terms obeys the following relations for A and B, respectively: A n = F (n), and B n = F (n + 1). Besides this, there is a clear relation between A n , and B n B n = A n + A n−1 .
Considering just the expression for total volume of a chain formed of these polynucleotide
where γ A eγ B are the volumes of nucleotides A, and B respectively. Substituting (3) in (4), we found
After few algebraic steps, we can obtain:
Taking into account that the expression for A n are Fibonacci numbers for each n, and γ A , γ B are constants, and that we plot this expression against F (n), which is Fibonacci numbers again, when we apply Log in both sides of this equation, and realizing the fit, surely we should obtain a linear fit with slope around 1 (just depending of the chain length (k), and constants). Both Figs. 6(a) and (b) show that as the solvent radius r 0 decreases the exponents increase towards 1. This could be easily verified using the expression (6) obtained for total volume, when k → ∞, which means a chain of infinity length composed of two subunits, the exponents go to 1 independently of r 0 . It is worthy that in our demonstration, we are considering that these properties (volume, and surface) are entirely additive, as if the molecular system was rigid, which is not the case. In a real molecular system, there is a flexibility that could implicate in a slightly change of volume, and surface as the chain length increases (mainly due of relaxation of molecular geometry, in a searching for energy minimum), and consequently these changes could produce a fractal dimension in these properties, even for very long chains, as shown above. This short demonstration reinforces the presented results from simulations for solvent-accessible volume property. This idea can easily be extended for solvent-accessible surface area too.
Conclusions and perspectives
In summary, we have proposed a theoretical model to investigate the properties of the polyGC and polyTA base pairs. It was showed that independent of the differences in the individual values of the log-log plot of A S × F n , the exponents α A and β A gave the same results, indicating that of the numeric point of view does not exist differences between the studied structures (see Figs. 4(a) and 5(a) ). The same behavior can be observed in the case of the log-log plot of V S × F n , i.e., β A = β V (see Figs. 4(b) and 5(b) ). We showed that so much A S as B S follow power laws as described in Eqs. (1) and (2), respectively. The importance of the structural conformation of the two structures studies can be better appreciated in Fig. 6 , where we can notice the differences in the values of α and β (see Figs. 6(a) and (b) ). In a case where the properties were entirely additives the exponents tend to 1. This approximation agrees very well with the results obtained from a more realistic model, although the exponents stay near 1, they are not exactly one. Our results show that these nanostructures are self-similar and display a rich variety of scaling behavior in their solvent-accessible surface area and volume properties. Another important subject is the resistance and the dynamics of polymeric chains [25] [26] [27] which have been studied in idealistic lattices, with the data we have now it will be possible to make predictions for real polymers. Certainly our results will be able to contribute to the development of potential applications linked to the nanobiostructured systems.
